Deinococcus bacteria are extremely resistant to radiation, oxidation, and desiccation. Resilience to these factors has been suggested to be due to enhanced damage prevention and repair mechanisms, as well as highly efficient antioxidant protection systems. Here, using mutation-accumulation experiments, we find that the GC-rich Deinococcus radiodurans has an overall background genomic mutation rate similar to that of E. coli, but differs in mutation spectrum, with the A/T to G/C mutation rate (based on a total count of 88 A:T!G:C transitions and 82 A:T!C:G transversions) per site per generation higher than that in the other direction (based on a total count of 157 G:C!A:T transitions and 33 G:C!T:A transversions). We propose that this unique spectrum is shaped mainly by the abundant uracil DNA glycosylases reducing G:C!A:T transitions, adenine methylation elevating A:T!C:G transversions, and absence of cytosine methylation decreasing G:C!A:T transitions. As opposed to the greater than 100Â elevation of the mutation rate in MMR À (DNA Mismatch Repair deficient) strains of most other organisms, MMR À D. radiodurans only exhibits a 4-fold elevation, raising the possibility that other DNA repair mechanisms compensate for a relatively low-efficiency DNA MMR pathway. As D. radiodurans has plentiful insertion sequence (IS) elements in the genome and the activities of IS elements are rarely directly explored, we also estimated the insertion (transposition) rate of the IS elements to be 2.50 Â 10 À3 per genome per generation in the wild-type strain; knocking out MMR did not elevate the IS element insertion rate in this organism.
Introduction
Because mutations are the ultimate source of genetic variation, information on their rate and molecular spectra is essential for understanding most evolutionary processes. G/C and A/T nucleotides vary in mutation rate, with a majority of surveyed organisms exhibiting a G/C!A/T mutation bias (Lynch 2007; Hershberg and Petrov 2010) . Because the A/T mutation bias often exceeds the standing genome-wide nucleotide content of these organisms, it has been suggested that GC-content variation among species is strongly influenced by natural selection and/or biased gene conversion (Petrov and Hartl 1999; Keightley et al. 2009; Balbi et al. 2009; Hershberg and Petrov 2010; Hildebrand et al. 2010; Lynch 2010b ). However, the mutation spectrum (i.e., the frequency distribution of mutation types) has been directly observed in only a few model organisms (Ossowski et al. 2010; Denver et al. 2009 Denver et al. , 2012 Lee et al. 2012; Sung, Ackerman, et al. 2012; Schrider et al. 2013; Zhu et al. 2014) . To fully understand the variation in genome-wide nucleotide content that exists across the Tree of Life, it is necessary to expand experimental assays to more diverse organisms.
Two biochemical properties of DNA can contribute to a G/ C!A/T mutation bias. First, in vivo evidence shows that spontaneous hydrolytic deamination of cytosine or 5-methyl cytosine, which, respectively, produce C:G!U:G or C:G!T:G mismatches (Duncan and Miller 1980; Ehrlich et al. 1986; Lind and Andersson 2008; Hershberg and Petrov 2010; Lee et al. 2012) , and if uncorrected lead to G:C!A:T transitions in the next round of DNA replication. In most organisms, erroneous uracils are removed by uracil-DNA glycosylases (UDG) (McCullough et al. 1999; Kavli et al. 2002) . Second, formation of G:C!T:A transversions can be driven by the oxidation of guanine to 8-oxoguanine by reactive oxygen species (ROS), a ubiquitous mechanism that exists in all organisms (see review in Grollman and Moriya 1993) . 8-oxoguanine derived from a resident guanine can pair with adenine, generating G:C!T:A transversions (Cheng et al. 1992; Michaels et al. 1992; Grollman and Moriya 1993; Osterod et al. 2001; Lind and Andersson 2008; Lee et al. 2012) . Given that these biochemical processes are mutagenic, bacteria have evolved multiple repair mechanisms to remove 8-oxoguanines from unincorporated nucleotides and DNA strands (Grollman and Moriya 1993) .
Deinococcus radiodurans is a particularly interesting bacterium for studying mutation and repair processes. Its extreme resistance to radiation, desiccation, and oxidation has lead researchers to propose that this organism harbors highly refined damage prevention and repair mechanisms (Anderson et al. 1956; White et al. 1999; Cox and Battista 2005; Krisko and Radman 2013) . Such mechanisms are the ROS-scavenging/detoxifying manganese complex and proteins with Fe-S clusters that can be used to highly efficiently remove ROS (Mennecier et al. 2004; Cox and Battista 2005; Zahradka et al. 2006; Slade et al. 2009; Slade and Radman 2011; Krisko and Radman 2013) . Surprisingly, a critical DNA repair system, DNA mismatch repair (MMR), appears to be less efficient in D. radiodurans than in other organisms. For example, a knockout experiment removing the critical MMR enzyme mutL resulted in only a 5-fold elevation in the mutation rate of D. radiodurans (Mennecier et al. 2004) , whereas the same knockout in Escherichia coli yields a 138-fold elevation of the mutation rate (Lee et al. 2012) .
To further evaluate whether the unique biology of D. radiodurans gives rise to unusual aspects of replication fidelity, we performed mutation-accumulation (MA) experiments using D. radiodurans MMR + and MMR À strains. In an MA experiment, replicate cell lines are repeatedly taken through singlecell bottlenecks, allowing for the accumulation of all but the most deleterious mutations. For the wild-type D. radiodurans strain BAA-816, we find that mutations are biased toward G/ C instead of A/T, and we propose that this unusual feature is likely a consequence of the evolution of multiple UDGs, DNA cytosine methyltransferase (Dcm) absence, DNA adenine methylase (Dam) presence, and additional antioxidation mechanisms. Despite this change in mutation spectrum relative to other studied bacteria, D. radiodurans has an overall mutation rate comparable to other microbes. This suggests that although differences in the fidelity of different mechanisms can exist, the limit to overall DNA replication fidelity may be restricted by other forces, for example, those proposed by the drift barrier hypothesis (Lynch 2012; Sung, Ackerman, et al. 2012) .
Results
All MA lines in each strain were initiated from a single cell, and repeatedly bottlenecked by streaking single colonies, every 2 days onto fresh nutrient agar plates supplemented with 1% glucose. For the wild-type BAA-816, 43 MA lines were initially established. Cells from a single colony near the end of the streaking were streaked onto a new plate and incubated at 30 C. per locus per generation, which is one order of magnitude lower than previously reported (Mennecier et al. 2004 ). The per site mutation rate of 0.99 Â 10 À10 is calculated by dividing 3.28 Â 10 À9 by 33, the number of sites that lead to rifampicin resistance in D. radiodurans (Kim et al. 2004) ; and this value is one-fifth of the above 4.99 Â 10 À10 per site per generation mutation rate from whole-genome sequencing of MA lines, consistent with the 1/6 ratio found in E. coli (Lee et al. 2012 ) per site per generation, 3.75 Â higher than the wild-type mutation rate (table 1). This elevation in mutation rate is consistent with the 5-fold inflation observed in the same mutL À strain using fluctuation tests with rifampicin (Mennecier et al. 2004) . In these lines, chromosome 1 and chromosome 2 accumulated 102 (98 transitions, 4 transversions) and 25 (23 transitions and 2 transversions) BPSs, yielding different chromosome-specific BPS mutation rates of 1.73 Â 10 À9 and 2.70 Â 10 À9, respectively. In total, 32 small indels (<7 bp) were also detected across the two chromosomes (supplementary table S4, Supplementary Material online), leading to a small-indel mutation rate of 4.68 Â 10 À10 (3.20 Â 10
À10
, 6.61 Â 10
) per site per generation (table 1) , and equivalent to 20% of all detected mutations. As with the wild-type strain, a large fraction (90.6%) of the small indels involved SSRs. The small-indel mutation rate in this MMR knockout strain is 21.57 Â higher than that of the wild-type rate.
Mutation Spectrum
Among the BPS mutations in the wild-type MA lines, there are 157 G:C!A:T transitions and 33 G:C!T:A transversions at G:C sites, yielding a mutation rate in the A/T direction of G=C!A=T = 3.62 Â 10 À10 per site per generation. In total, 88 A:T!G:C transitions and 82 A:T!C:G transversions yield a mutation rate in the G/C direction of A=T!G=C = 6.56 Â 10 À10 per site per generation ( fig. 2 , gray bars; table 2), which is significantly higher than G=C!A=T ( 2 = 32.14, df = 1, P = 1.44 Â 10
À8
). Given these differences in the conditional A/T$G/C mutation rates, the expected GC content at mutation equilibrium is 64% with a standard error of 8% (see notes on calculation in Statistics and Calculations in Materials and Methods), not significantly different from the actual chromosomal GC content of 66.97%.
On the mutL À MA-line chromosomes, 121 transitions and 6 transversions accumulated over the experiment. In these lines, the conditional mutation rates of G=C!A=T = 1.72 Â 10 À9 and A=T!G=C = 1.96 Â 10 À9 per site per generation are not significantly different from each other ( 2 = 0.33, df = 1, P = 0.56), and the expected GC content at mutation equilibrium is 53.16%. Relative to the wildtype rates, the G:C!A:T transition rate is elevated to 1.72 Â 10 À9 (5.75 Â greater than wild-type) and the A:T!G:C transition rate to 1. 
Minimal Selection during the MA Experiments
The motivation for the MA design, now a standard procedure in experiments of this sort (Kibota and Lynch 1996; Halligan and Keightley 2009) , is that intense population bottlenecking results in the fates of spontaneous mutations being primarily determined by random genetic drift. To confirm that the influence of selection was indeed minimal during the MA experiment, we identified the functional context of each mutation.
For the mutL + lines, 236 nonsynonymous and 93 synonymous mutations were observed (supplementary tables S1 and S5, Supplementary Material online). Given the codon usage in D. radiodurans and the observed transition to transversion ratio (1.71, supplementary table S1, Supplementary Material online), the expected nonsynonymous:synonymous mutation ratio is 2.61 in the absence of selection (supplementary table  S6 
Mutations in Plasmids
The small plasmid (CP1) has a size of 46 kb and the megaplasmid (MP1) 177 kb. In both the wild-type and mutL À MA lines, CP1 and MP1 have on average 1.26Â and 1.68Â the sequencing depth of the primary chromosomes, respectively. Thus, based on a previous finding that the two primary chromosomes are generally present in 4À10 copies per cell (Makarova et al. 2001) , we estimate that CP1 has approximately 5À13 and MP1 approximately 7À17 copies per cell, which is consistent with a prior estimate of six CP1 copies per cell (Daly et al. 1994 ). In the wild-type MA lines, the BPS mutation rates of CP1 and MP1 are, respectively, 3.06Â and 1.44Â higher than that of the primary chromosomes (table 1 and supplementary tables S9ÀS12, Supplementary Material online).
The small-indel mutation rate of CP1 is 3.87 Â higher than that of the chromosomes, whereas that of the MP1 is almost identical to the chromosome rate (table 1). After mutL was knocked out, the small-indel mutation rate of MP1 was elevated to 2.96 Â that of the wild-type MP1, although the CP1 small-indel mutation rate in the mutL À MA lines is not significantly different from that in wild-type lines (table 1; 95% Poisson confidence intervals overlap). The small-indel mutation rate of both plasmids is lower than that of the chromosomes in mutL À lines. Owing to the fact that the nontranscribed strand in coding regions remains unprotected and single-stranded during transcription, the mutation rate in coding regions might be higher than that of intergenic regions (Datta and Jinks-Robertson 1995; Beletskii and Bhagwat 1996) . However, we did not observe any elevation of the mutation rate in coding relative to intergenic regions, in either the chromosomes or plasmids (table 3), suggesting that if transcription-induced mutagenesis occurs in this bacterium, it has only a small quantitative effect.
Insertion Sequence Mutations
Insertion sequence (IS) elements, the simplest mobile genetic elements widely found in prokaryotic genomes, play important evolutionary roles; see review by Mahillon and Chandler (1998) . Deinococcus radiodurans has a substantial number of IS elements in the genome-more copies per genome size than Escherichia coli K-12 MG1655 (White et al. 1999; Makarova et al. 2001 ). In D. radiodurans, our methods detected 640 novel IS insertions in 43 wild-type MA lines and 9 in 19 mutL À MA lines. The overall IS insertion rates (i.e., transposition) for wild-type and mutL À are thus 2.50 Â 10 À3 and 4.77 Â 10 À4 insertions per genome per generation (supplementary tables S13-S15, Supplementary Material online). No sole deletion (excision) was found other than fixed deletions compared with the reference genome. The IS insertion rate for wild-type is almost one order of magnitude higher than 2.77 Â 10 À4 insertions per genome per generation in E. coli wild-type MA lines (6,000 generations) (Lee et al. 2014) . This difference in the IS insertion rates between E. coli and D. radiodurans may possibly be from the different IS elements composition in the genomes and the fact that different IS elements have greatly different activities (Lee et al. 2014) . Among the 640 IS insertions recovered from wild-type lines, insertion sites of 428 were in protein-coding regions and 212 were in noncoding regions. Taking into account of the relative genome occupancy of each site category and assuming that IS elements insert equally likely into protein-coding and noncoding regions, there is a strong bias toward noncoding regions (binomial test, P = 1.39 Â 10 À52 ) (supplementary table S16, Supplementary Material online). Such bias is caused by certain conservative structural motifs, instead of purifying selection (Lee H, unpublished data) . Among in-gene truncating insertions, insertion events near 5 0 and 3 0 ends of genes seem to be elevated compared with other regions of genes (supplementary fig. S2 , Supplementary Material online).
Mutation-Rate Alterations at Dam Sites
Target sites of Dam (canonical site: 5 0 -GATC-3 0 ) and Dcm (5 0 -CCWTT-3 0 ) are known mutational hotspots in bacteria (Lindahl and Nyberg 1972; Farabaugh et al. 1978) , with 6-methylated adenine depurination generating transitions or transversions after postreplicative repair and 5-methylated cytosine deamination generating C!T transitions. Though Dam activity has been reported in D. radiodurans (Loeb and Preston 1986; Prasad et al. 2005) , unlike in most bacteria, DNA methylation at Dcm sites has not been found in D. radiodurans (Makarova et al. 2001 ). Thus, we expect that in comparison to most other microbes with functional Dcm, the C!T mutation rate would be decreased in this organism due to the lack of 5-methyl cytosines mutation hotspots. We find that the mutation rate at 5 0 -CCWTT-3 0 Dcm motifs is not significantly elevated from the baseline mutation rate when the target nucleotide's flanking nucleotides are taken into account (5 0 -CCW-3 0 in this case) (log-likelihood ratio test, P 4 0.05, supplementary table S17, Supplementary Material online; Long et al. 2015) . In contrast, mutation rates at internal adenines of three noncanonical Dam target sites 5 0 -GACC-3 0 , 5 0 -GACG-3 0 , 5 0 -GACT-3 0 (Schlagman and Hattman 1989) and three other unexplored motifs 5 0 -CACC-3 0 , 5 0 -CAGC-3 0 , 5 0 -GAGC-3 0 are significantly higher than the baseline mutation rate with nucleotide contexts considered (log-likelihood ratio test, P < 0.05; efforts to identify extended motifs were unsuccessful; supplementary table S17, Supplementary Material online), whereas the internal adenine in the canonical Dam site 5 0 -GATC-3 0 does not have an elevated mutation rate relative to the baseline context mutation rate (log-likelihood ratio test, P = 0.31; supplementary table S17, Supplementary Material online). Transversions at the six above-mentioned motifs account for 50% of all A:T!C:G transversions (41 of 82; table 2), suggesting that the high transversion rate may be due to methylation at these sites. This is consistent with a direct demonstration of Dam activity in D. radiodurans, with the canonical 5 0 -GATC-3 0 site used in other bacteria being only poorly methylated, but 6-methylated adenines being present in other sites (Prasad et al. 2005 
Discussion
Despite D. radiodurans being well-known for its resistance to ionizing radiation (Anderson et al. 1956 ), it does not exhibit an unusually low background mutation rate, so replication fidelity does not appear to be exceptionally refined in this organism. Furthermore, the mere 4-fold elevation in genomic mutation rate after MMR is knocked out suggests that DNA MMR in this organism is not associated with the extreme radiation resistance. Thus, mechanisms other than those involved in DNA replication and MMR must be responsible for resistance to ionizing radiation in D. radiodurans.
Point mutations biased in the direction of G/C production have not been seen previously in any wild-type bacteria before this study, and there are several possible causes for this unique mutation spectrum. First, it is likely that the abundant UDGs in D. radiodurans effectively recognize and remove uracils originating from cytosine deamination. There are four functional groups within the UDG super family: The uracil-DNA N-glycosylases, the mismatch-specific uracil DNA glycosylases, the single-strand selective nonfunctional UDGs, and the uracil-DNA glycosylases containing a 4Fe-4S cluster (Aravind and Koonin 2000; Pearl 2000) . Although most prokaryotic genomes contain just a single type of UDG, the number varies across bacterial phyla, with only a few species having all four UDGs (Aravind and Koonin 2000) . The D. radiodurans genome contains homologs of all four major UDGs, three of which have been confirmed to have UDG activity (Aravind and Koonin 2000; Sandigursky et al. 2004; Leiros et al. 2005) , the combination of which would enhance the ability for D. radiodurans to remove erroneous uracils, thus decreasing the rate of C!T transitions when compared with other bacteria. Second, the absence of Dcm (Makarova et al. 2001 ) could reduce the number of G:C!A:T transition hotspots, whereas methylation of potential Dam target sites could elevate the number of A:T!C:G transversions. NOTE.-All mutation rates are in units of 10 À10 per site per generation. n IG , number of mutations in intergenic regions; IG , intergenic region mutation rate; n CDS , number of mutations in coding regions; CDS , coding region mutation rate; N IG , number of intergenic sites; N CDS , number of coding sites excluding sites covered by more than one reading frames; numbers in parentheses are 95% confidence intervals from the odds ratio logit method. *One-sided P values from the odds ratio logit method which shows a significantly lower mutation rate in coding versus intergenic regions, all other P values were from a twosided odds ratio logit method.
The mere 4-fold elevation of the BPS mutation rate upon MMR deficiency confirms the low efficiency of the D. radiodurans MMR system when compared with other bacteria (Mennecier et al. 2004) . One possible explanation for this unexpected observation is related to the concept of evolutionary layering and the drift-barrier hypothesis (Lynch 2012) . Selection operates to lower the total genome-wide mutation rate to the point that the selective advantage from any further drop in the mutation rate cannot overcome the power of genetic drift (Sung, Ackerman, et al. 2012) . Once the drift barrier has been reached, alternative replication-fidelity pathways are free to covary in complementary manners so long as they are not pushed to their biophysical/biochemical limits. Because D. radiodurans has evolved multiple antimutation pathways like the abundant uracil-DNA glycosylases and the highly efficient antioxidation mechanisms (Pearl 2000; Slade and Radman 2011) , the unusually low efficiency of the D. radiodurans mismatch-repair pathway might be simply compensated for by alternative mechanisms with higher levels of refinement (including the DNA polymerases, themselves). In addition to the relatively low elevation of the total BPS mutation rate, knocking out MMR only elevates transitions but not transversions, suggesting that D. radiodurans might use another mismatch-repair pathway independent of mutL for transversions, as reported in E. coli (Liu and Chang 1988) .
Similar to E. coli (Lee et al. 2012) , the lower elevation of A=T!G=C in D. radiodurans mutL À than in wild-type MA lines indicates that MMR could potentially bias mutations toward G/C. However, as the D. radiodurans mutL À strain has only 4 Â elevation in the mutation rate and 993 generations' mutation accumulation time was allowed for the 24 MA lines, only 127 chromosomal mutations were accumulated. This limited number of mutations caused mutL À mutation types to be less representative of the mutational pattern than those sampled in the wild-type, for example, no G:C!T:A transversions were observed in the mutL À MA lines. One of our ongoing larger mutation accumulation experiments may provide a conclusion for this.
The higher mutation rate in plasmids relative to chromosomes might suggest that the efficiency of DNA replication differs between chromosomes and plasmids, that is, plasmid premutations may not be repaired efficiently by the MMR system. The different nucleotide composition between plasmids (CP1 GC content: 56.18%; MP1 63.19%) and chromosomes (chromosome 1: 67.01%; chromosome 2: 66.69%) may also partly explain this, as A/T has a higher mutation rate than G/C in this organism.
The relatively high mutation rate per site and low DNA mismatch-repair efficiency of D. radiodurans do not explain the extreme resistance to radiation and desiccation. This is in line with the recent hypothesis that extreme resistance to radiation in this species may be a consequence of highly efficient protection against damage to the proteome, but not genome (Krisko and Radman 2013) . Our study also suggests that low variation in genomic mutation rate in bacteria is determined by other general forces like selection and genetic drift, rather than by the diverse DNA repair systems.
Materials and Methods

Strains and Media
The wild-type D. radiodurans strain BAA-816, for which a complete genome sequence exists (White et al. 1999) , was ordered from the American Type Culture Collection (ATCC). The mutL À strain was constructed from the type strain R1 (ATCC13949) and kindly provided by Suzanne Sommer's lab (Mennecier et al. 2004) . The R1 and BAA-816 strains originate from a common culture and there are very few genetic differences between the two strains (White et al. 1999) . The recommended growth conditions by ATCC, nutrient agar (Becton, Dickinson and Company, Sparks, MD) with 1% glucose, were used for MA line transfers.
Mutation Accumulation Transfers and High-Throughput Genome Sequencing
For the wild-type strain, 43 sequenced MA lines were established from a single progenitor wild-type cell. Individually for each MA line, cells from a single colony were streaked onto a new plate and incubated at 30 C. Each month, for each of at least ten randomly selected MA lines of each strain, one single colony was cut out from the agar plate using a sterile scalpel, transferred to a sterile tube with PBS buffer (pH 7.5) and then vortexed and serially diluted. The colony forming units (CFU; denoted as N here) of the diluted cultures were counted and averaged. The number of generations (n) was then calculated by n ¼ log 2 N. For the wild-type strain, each growth cycle represents about 23.8 generations and the entire 250 transfers took 636 days (5,961 total generations for each line). For the mutL À strain, 24 MA lines were initiated from a single mutL À progenitor cell, using the same culturing and transferring techniques as for wild-type; each growth cycle represented about 23.7 generations, and on average 42 transfers were done in 84 days (993 total generations per line). Genomic DNA was prepared using the Wizard Genomic DNA Purification Kit (Promega, Madison, WI). DNA libraries for Illumina sequencing with an insert size of 350 bp were constructed by the Center for Genomics and Bioinformatics, Indiana University, Bloomington. Paired-end sequencing of wild-type MA lines was done by Beijing Genome Institute, Shenzhen, yielding a mean sequencing depth of 128.17 Â across all lines (calculated after filtering out reads with quality score <20). On average, 99.12% of the chromosome positions in the reference genome were covered in each MA line. Sequencing of the mutL À lines was done at the Hubbard Center for Genome Studies, University of New Hampshire, yielding a depth of coverage of 83.12 Â across all lines (93.62% of the chromosome positions were covered).
Fluctuation Test and Mutation Rate Estimation with Reporter Construct
The progenitor cell line (at generation 0) was thawed and revived in TGYX2 medium overnight at 30 C. This culture was then diluted and plated onto TGY plates. Nineteen randomly selected single colonies were inoculated to 3 ml TGYX2 medium, and then grown to OD 650 = 1 in about 24 h. Cell density was estimated from CFU on TGY plates. 1.4 ml cell culture from each replicate (on average 8.44 Â 10 8 cells) was then centrifuged, resuspended into 150 ml PBS buffer (pH 7.5), plated onto TGY plates with 25 mg/ml rifampicin (Dot Scientific, Burton, MI), and incubated at 30 C for 2 days. There were on average 9.63 rif-resistant colonies per plate (supplementary table S18, Supplementary Material online). The mutation rate and 95% confidence interval were then calculated using the Ma-Sandri-Sarkar Maximum-Likelihood Estimator method in FALCOR (Hall et al. 2009 ).
Mutations Analyses
A high-fidelity consensus approach for identifying fixed BPSs in the MA lines was modified from Sung, Tucker, et al. (2012) . Paired-end reads from each MA line were mapped to the BAA-816 reference genome (GenBank accession numbers: NC_001263.1 for chromosome 1, NC_001264.1 for chromosome 2, NC_000959.1 for plasmid CP1, NC_000958.1 for plasmid MP1), and the resulting output was parsed with SAMTOOLS ). The following criteria were used for read mapping, designed specifically to reduce false positives that may arise from read mismapping or library amplification errors: 1) Two mapping programs, BWA and NOVOCRAFT, were used in two independent pipelines to reduce algorithm-specific read mapping errors; 2) a paired-end read was not allowed to map to multiple sites (BWA option: sampe -n 1; NOVOCRAFT option: novoalign -r None), with mapping/sequencing quality scores 4 20; 3) greater than 80% of reads in a line are required to determine the line-specific consensus nucleotide; and 4) to reduce false positive calls due to errors in library construction or sequencing, three forward and three reverse reads are required to determine the line-specific consensus nucleotide.
Across all lines, the overall consensus nucleotide of a site was determined by greater than 50% read support from all MA lines. Although this criterion is not extremely stringent, it allows for the analysis of mutation hotspots, which reduces the read frequency of the major allele (Schrider et al. 2011) . Mutations at each site were then called for the MA line(s) with a line consensus that is different from the overall consensus. The use of the consensus method to identify both BPS and small-indel mutations in high coverage MA lines has been validated in prior experiments, and has been shown to have a near zero false positive rate (Long et al. 2015) .
Because D. radiodurans is polyploid (White et al. 1999) , random assortment of alleles preexisting in the progenitor line could create false positives originating from ancestral heterozygosity. To filter out such false-positives, we also sequenced the genome of the progenitor lines and filtered out candidate mutation sites in the progenitor lines that were greater than 5% heterozygous, which greatly exceeds sequencing error rate (~0.3%, see below). 97.03% of the final reported mutation sites are homozygous for the wild-type progenitor allele and 96.27% for the mutL À progenitor ( 4 99% of all sites in the total genome are homozygous; supplementary table S1, Supplementary Material online).
Sequencing error was estimated at mapped sites where the line-specific consensuses across all MA lines were identical to the overall consensus. For each individual nucleotide type, the pooled mean sequencing error rates were calculated by dividing the total number of discordant base reads by the total number of analyzed reads in all lines at all sites (wild-type lines 0.33%, 0.29% for mutL À lines). Due to the polyploid nature of D. radiodurans, real mutations might be present at minor frequency in the chromosomes of one mutant line, and be incorrectly filtered by the above criteria. Therefore, for sites without mutation calls, we determined whether the site contained a minor allele that exceeded the average sequencing error rate by a considerable amount (~15-fold). We then made sure that the minor allele was not also found in the progenitor line or any other MA line, ensuring that the minor allele arose in a single MA line during propagation. Using this analysis, we detected 12 additional mutations in wild-type MA lines and 3 additional mutations in mutL À MA lines. Overall, these mutations have little influence on overall genome-wide mutation rate (12 of 437, or 2.75% of wild-type mutations; 3 of 133, or 2.26% of mutL mutations). If we assume chromosomes are randomly transmitted to offspring cells and each generation starting from a single cell, in a finite "population" (ploidy) size of 4À10, the mean number of cell divisions for newly arisen neutral mutations to reach fixation is approximately two times the ploidy (Kimura and Ohta 1969) , that is, 8À20 generations. Relative to the average 5,961 (wild-type) and 993 (mutL À ) cell divisions that MA lines went through, heterozygous mutations could thus not be more than a tiny fraction of the total.
A similar consensus approach was used for small-indel analysis: SAM-formatted paired-end reads from two different mappers were used to call indels with support by at least three forward and three reverse reads each, as well as supporting reads of greater than 30% (this criterion is lowered due to the read heterogeneity created from misalignment and indels usually occurring at hotspots, e.g., SSRs) of total reads at the site. In addition, BreakDancer 1.1.2 (Chen et al. 2009 ) and Pindel 0.2.4w (Ye et al. 2009 )-programs to detect indel break points using a local sequence pattern growth approach and to reduce indel-induced artifacts-were also applied on the BAM-and SAM-formatted files from the BWA pipeline. The above methods have been validated to have high accuracy using Sanger sequencing in multiple MA projects (Denver et al. 2009; Ossowski et al. 2010; Sung, Tucker, et al. 2012; Long et al. 2015) .
In order to call duplicative insertions that occurred during MA and fixed differences of IS elements between the progenitors and the reference genome, an A l -Bruijn graph (l = 50, error rate of 5%) was constructed based on the algorithms described in Lee et al. (2014) using the concatenated sequence of chromosomes and plasmids of BAA-816. For each MA line, the SAM-formatted paired-end mapping file generated using BWA was loaded onto the graph first to select discordant read pairs to infer novel insertions of IS elements during MA. Any clusters having at least ten readpairs were called as discordant clusters. From the clustering results, deletions and duplicative insertions of IS elements were called. For the accurate calling of large-scale variation, higher depth of sequencing compared with what is typically required for smaller variants, we eliminated a total of five mutL À lines (M6, M7, M11, M20, and M24) from IS element analysis. In comparison to the reference genome, both wildtype progenitor (BAA-816) and mutL À progenitor (R1 ÁmutL) lines have identical fixed deletions and insertions of IS elements (supplementary tables S13 and S19, Supplementary Material online). ISDra2 and IS2621 had five and three copies deleted, respectively, in both, relative to the reference genome. ISDra3, IS1 (not annotated as an IS element in GenBank), IS2621, and ISDra6 each had one extra copy inserted in both wild-type and mutL À progenitors.
Context-Dependent Mutation Rate
The 5 0 and 3 0 flanking bases on the same strand as a focal base were defined as "context." This analysis took leading strands of the left and the right replichores; the chromosomal origins and termini of replication were predicted using DoriC 5.0 (Gao et al. 2013) . Different BPSs occurring at the focal base of all possible 64 contexts on each replichore were called. These BPS numbers were then normalized by dividing by the product of the number of MA lines, number of generations per line, and the total number of each context (trinucleotide) in one replichore, which was detected by a 3-bp sliding window with a 1-bp step.
Statistics and Calculations
The confidence intervals of mutation-rate estimates were calculated using the Poisson cumulative distribution function approximated by the 2 distribution (Johnson et al. 1993 ): With k observed mutations following a Poisson distribution with mean m, a 95% confidence interval for m is then: 2 is the quantile function, is 0.05 for the 95% confidence interval, and the second argument in the first parentheses is the degrees of freedom, N is the number of analyzed sites and t is the total number of generations.
The odds ratio logit method (Morris and Gardner 1988) is briefly: The natural log odds ratio is approximately normally distributed and calculated by lnr ¼ ln
, where n CDS is the number of mutations in coding regions, N CDS is the number of coding sites excluding overlapping sites, n IG is the number of intergenic mutations, N IG is the number of intergenic sites, the standard error of the log odds ratio is approximated by: SEðlnrÞ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
, the 95% confidence interval is calculated by: e lnrÀ1:96ÂSEðlnrÞ ; e lnrþ1:96ÂSEðlnrÞ , the two-sided P value is then 2 Â P Z < À j ln r j SEðlnrÞ , where P is the cumulative normal probability. The log-likelihood ratio test was used to compare mutation rates at potential methylation target sites and in corresponding nucleotide contexts (e.g., 5
0 -CCA-3 0 context corresponds to 5 0 -CCAGG-3 0 methylation sites, underlined cytosines are the focal bases): The null model is that mutations at methylation target sites and those with corresponding contexts follow the same Poisson probability distribution with the grand average mutation rate as the mean; the alternative model is that they follow different Poisson probability distributions. The log-likelihood ratio statistic was calculated based on these two models, and the P value was approximated by the 2 cumulative distribution function with one degree of freedom, using Wilks's theorem (Wilks 1938) .
The chromosomal GC content at mutation equilibrium is calculated as Lynch (2007) (supplementary table S1 , Supplementary Material online). The standard error of the GC content at equilibrium is calculated using formula A1.19b, page 818 of Lynch and Walsh (1998) .
